Force enhancement following muscle stretching and force depression following muscle shortening are wellaccepted properties of skeletal muscle contraction. However, the factors contributing to force enhancement/ depression remain a matter of debate. In addition to factors on the fiber or sarcomere level, fiber length and angle of pennation affect the force during voluntary isometric contractions in whole muscles. Therefore, we hypothesized that differences in fiber lengths and angles of pennation between force-enhanced/depressed and reference states may contribute to force enhancement/depression during voluntary contractions. The purpose of this study was to test this hypothesis. Twelve subjects participated in this study, and force enhancement/ depression was measured in human tibialis anterior. Fiber lengths and angles of pennation were quantified using ultrasound imaging. Neither fiber lengths nor angles of pennation were found to differ between the isometric reference contractions and any of the force-enhanced or force-depressed conditions. Therefore, we rejected our hypothesis and concluded that differences in fiber lengths or angles of pennation do not contribute to the observed force enhancement/depression in human tibialis anterior, and speculate that this result is likely true for other muscles too.
When an activated muscle is stretched, the force during stretch exceeds the isometric force at the corresponding muscle length in accordance with the wellknown force-velocity relationship (Hill, 1938) . In the steady state phase following stretch, there is a remnant increase in force called residual force enhancement (Edman et al., 1982) or RFE for short. Residual force enhancement has been observed on different structural levels ranging from myofibrils (Joumaa et al., 2008) to human muscles (Pinniger & Cresswell, 2007) , across different activation levels (stimulated [Lee & Herzog, 2002] , and sub-and maximal voluntary contractions [Oskouei & Herzog, 2005] ), and across the entire forcelength relationship (ascending and descending limb, plateau; Rassier et al., 2003) . Several mechanisms, such as sarcomere length non-uniformity (Julian & Morgan, 1979) , the engagement of a passive element (Edman et al., 1982) , or an increased proportion of strongly bound cross-bridges (Rassier & Herzog, 2004) have been suggested to explain this phenomenon, but no generally accepted explanation has been found (Herzog, 2004 , Herzog et al., 2006 .
Similarly, when an activated muscle is shortened, force in the steady-state phase following shortening is decreased compared with a purely isometric contraction at the same length. This effect is known as residual force depression (RFD) after shortening (Herzog, 2004) . Proposed mechanisms for RFD include sarcomere length non-uniformity (Julian & Morgan, 1979) , fatigue (Granzier & Pollack, 1989) , or inhibition of cross-bridge attachment (Marechal & Plaghki, 1979) , but as for force enhancement, the factors contributing to force depression remain a matter of debate.
The force of a fully activated muscle mainly depends on its length and its contraction velocity. For isometric conditions, when the speed of contraction is zero, the maximal force of a muscle is thought to depend exclusively on its (sarcomere) length (Gordon et al., 1966) . This force-length relationship ( Figure 1B ) can be extended to muscle fibers and fascicles, as they are formed of parallel myofibrils that are composed of sarcomeres arranged in series. Assuming a slope such as on the descending limb of the force-length relationship for human skeletal muscles, then every 1% change in fiber length would correspond to approximately a 1.8% change in force. Or a 10% change in fiber length would be about 18% difference in force. Generally, the force produced by a muscle fiber is transferred to the tendon via an aponeurosis. Assuming a principal plane of fiber direction, the length of a fiber and its angle of pennation have been thought to affect muscle force ( Figure 1A) . In previous studies (Gans, 1982; Maganaris, 2003; Zajac, 1989) , the effective muscle force was calculated from the force produced by the fibers as the projection of the fiber force onto the corresponding aponeurosis. Thus, a 10° change in angle of pennation would cause a change in force of about 4%, 8%, 10%, or 12% within the physiological relevant range of 10-50° (in 10° increment steps).
During muscle contraction, going from rest to 10% of MVC, Fukunaga et al. (1997) reported a decrease in fiber length of up to 30% and an increase in pennation angle of about 7° in human vastus lateralis. In human tibialis anterior Reeves and Narici (2003) reported a decrease in fiber length of approximately 25% and an increase in pennation angle of about 5° from rest to MVC. The differences between reference and enhanced/depressed forces are within these ranges. For example, an average value for force enhancement of 10% could be achieved with a change in fiber length of about 5% or a difference in pennation angle of about 10° or a combination of the two. Although such big differences are not necessarily expected between reference and enhanced/depressed force states, no systematic investigation addressing this issue has ever been performed.
Therefore, the purpose of this study was to produce conditions favorable to force enhancement/depression and test if part of the changed force following stretch/ shortening could be explained with altered fiber lengths and/or angles of pennation in the enhanced/depressed state compared with the isometric reference state. Voluntary contractions of the human tibialis anterior (TA) served as the model for this investigation. Muscle length changes were controlled and forces were measured using a strength dynamometer. Fascicle lengths and angles of pennation were quantified using ultrasound imaging, which has been used in the past to analyze fascicle behavior for static or well-controlled dynamic contractions (Chino et al., 2008; Ichinose et al., 2000; Reeves & Narici, 2003) , as well as for normal movement conditions, including walking and running (Ishikawa et al., 2003; Mian et al., 2007) or stair stepping (Spanjaard et al., 2006) .
Methods

Subjects
Twelve subjects (7 males, 5 females; 30 ± 9 years; 177 ± 11 cm; 72 ± 14 kg; M ± SD) gave written informed consent to participate in this study, which was approved by the local Ethics Committee. All subjects were healthy and had no acute ankle injuries. Subjects performed a familiarization session a minimum of two days before the actual testing. They were fully informed about the experimental protocol and the general purpose of the study, but were not aware of the study's specific aim.
Experimental Setup
An isokinetic dynamometer (Biodex, System 3) was used to control ankle joint movement and to measure torque, angular position, and velocity data. Subjects were seated in a reclined position with the knee fully extended, the leg aligned horizontally, and the hip at 155°. The ankle joint of the test leg was securely attached to the footplate with nonelastic strapping, and the joint center of rotation was carefully aligned with the rotational axis of the dynamometer. Knee, hip, and upper-body movement was restricted through nonelastic strapping.
Surface electromyograms (EMGs; Biovision system) were obtained from the tibialis anterior (TA) and medial gastrocnemius (GM). The skin was shaved and cleaned with alcohol before placing bipolar electrodes (Norotrode 20, interelectrode spacing 22 mm) on the muscle bellies of TA and GM. A ground electrode was positioned on the tibial tuberosity. Images of TA were recorded using an ultrasound machine (Philips, Envisor M2540) in B-mode to measure instantaneous fascicle lengths and angles of pennation during contraction. A 5 cm linear array probe was placed longitudinally at the mid-belly of TA. Probe location and orientation were carefully chosen such that superficial and deep aponeuroses were parallel to each other and image quality was optimized. In this position the probe was firmly fixed to the leg using custom-built styrofoam casing and elastic bandages. Images were collected at 49 Hz (3cm depth) and for the entire duration of each test (approximately 8 s). Test measurements with skin markers showed that the ultrasound probe fixation was stable during the experiments.
Biodex data (torque, angular position, and velocity) and EMG signals were collected using WinDaq Data Acquisition software (DataQ Instruments) at 1000 Hz and were synchronized with the ultrasound images using a synchronization signal produced by a function generator.
Experimental Protocol
After a warm-up including maximal isometric contractions at 0° (defined as the sole of the foot perpendicular to the tibia), 15°, and 30° of plantar flexion, subjects performed maximal isometric contractions followed by stretches of TA at different amplitudes from 0° to 15° and from 0° to 30° or TA shortening from 15° to 0° of plantar flexion. Since test measurements showed that force depression can be observed highly consistently (compared with force enhancement), shortening contractions included only one amplitude so as to keep the number of measurements low, thereby minimizing mental and physical fatigue of the subjects. All stretches and shortenings were performed at angular velocities of 10 and 45°/s in random order and were started when the subject's isometric torque-time curve reached a plateau. Maximal isometric reference contractions were performed at the final ankle angle before each stretch and following each shortening test so that any possible fatigue effect would tend to decrease force enhancement and force depression, respectively. The stretch/shortening contraction together with the isometric reference contraction formed a single test. Each test was performed twice, resulting in 24 contractions (12 purely isometric, 12 with stretches or shortenings). A minimum of 2 min of rest was given between contractions to prevent fatigue.
Data Processing and Analysis
The Biodex data (torque, position, velocity) were lowpass filtered (5 Hz) in Mathworks's Matlab to eliminate noise. The EMG signals were quantified using root mean square (RMS) values with a time window of 100 ms.
Fascicle lengths and angles of pennation were analyzed at 10 Hz by two investigators using ImageJ software (version 1.38, National Institutes of Health, Bethesda, MD). The mean of the two independently obtained results was taken as the measurement value. As the full fascicle length could typically not be visualized throughout the entire test (Figure 2) , it was estimated by linear extrapolation Muraoka et al., 2001; Reeves & Narici, 2003) . In the past the measurement error due to the nonlinearity of TA muscle fascicles was estimated to be 2.4% (Reeves & Narici, 2003) . However, since we were interested in relative changes and not absolute values this did not influence the results of the study.
To quantify residual force enhancement and force depression, we compared the mean torque and EMG (RMS) values of the isometric and the stretch/shortening contractions at 2.0-2.5 s following the end of stretch/ shortening, respectively (see Figure 3 ). This time window was used for ease of comparison with the literature where similar values had been used (Hahn et al., 2007; Lee & Herzog, 2002) and since this time period appeared sufficient to reach steady-state conditions following the transient phase accompanying stretch/shortening conditions. Measurements beyond 3.0 s following the end of stretch/shortening were associated with fatigue and did not provide good repeatability. Since the objective of our study was to investigate possible contributions of differences in fascicle lengths and pennation angles between the force enhanced/depressed and the isometric reference states, the trial with the higher force enhancement/depression was used for data analysis.
Fascicle lengths and pennation angles reached steady-state values shortly following stretch/shortening and were evaluated for the same time period as force enhancement and depression (Figure 3 ).
Data Exclusion
A total of seven tests from three subjects were excluded from data analysis because ultrasound images were not of sufficient quality (n = 6) or the reference contraction was too short (n = 1). 
Statistical Analysis
Torque data were analyzed using a two factorial univariate repeated-measures ANOVA (factors: amplitude, angular velocity, and their interaction) for the force enhancement experiment and with a repeated-measures ANOVA (factor: angular velocity) for the force depression experiment. Objectivity of pennation angle and fascicle length measurements was analyzed by calculating the intraclass correlation coefficient (ICC, two-way mixed model; single measures) between measurements of the two investigators. Intraclass correlation coefficient values higher than 0.80 are considered acceptable for physiological data (Vincent, 1999) . Pennation angles, fascicle lengths, and EMG were analyzed using a three factorial univariate repeated-measures ANOVA and a one-way repeated-measures ANOVA for the force enhancement and force depression experiments, respectively. Sets with missing data were excluded. Post hoc paired t tests with Bonferroni-Holmes correction for the stretch and shortening condition were used to analyze differences between conditions. The level of significance was set a priori to α = 0.05. Fascicle length (FL) and pennation angle (PA) could influence the muscle force simultaneously. Therefore, we performed multiple linear regressions to test if the combined changes of these values predict force enhancement (FE = a + b·ΔPA + c·ΔFL) or force depression (FD = d + e·ΔPA + f·ΔFL).
Results
Residual force enhancement (7-13%) and residual force depression (11-21%) were observed for all stretch and shortening conditions (Table 1) . Statistical analysis for the normalized forces following shortening was significant for the factor velocity (F (1,9) : 21.6, p = .001) whereas following stretching none of the factors (amplitude, angular Pennation angles and fascicle lengths were calculated as the average obtained by two independent investigators. The mean ICC across subjects for all measurements performed by the two investigators was 0.91 (ranging 0.79-0.97, for subjects) for the pennation angle and 0.88 (ranging 0.70-0.97, for subjects) for the fascicle length data. According to Vincent (1999) this corresponds to high (PA) and moderate (FL) objectivity respectively.
Pennation angles increased with increasing force during isometric contractions for all ankle angles (Table 2) Table 3 and Figure 7 ). Fascicle lengths decreased with increasing force during isometric contractions for all ankle angles (Table 2 ). Fascicle lengths in the force-enhanced and force-depressed states were the same as in the isometric reference states for all experimental conditions (fascicle lengths: Stretch15/10: p* = 0.16, Stretch15/45: p* = 0.98, Stretch30/10: p* = 0.10, Stretch30/45: p* = 0.60, Short15/10: p* = 0.41, Short15/45: p* = 0.25; where the asterisk indicates Bonferroni-Holmes correction). Furthermore, normalized fascicle lengths ( Figure 6) were independent of amplitude, velocity, and interaction in the stretch and shortening experiments. Fascicle lengths increased during stretch and decreased during shortening experiments (see Table 3 and Figure 7) .
Multiple regression analyses of the force enhancement data (FE = a + b·ΔPA + c·ΔFL) revealed that the combined changes of fiber length and pennation angle did not contribute to the observed force enhancement, 
Discussion
Force enhancement observed in this study for human TA ranged between 7 and 13%, which is similar to values reported by Lee & Herzog (2002: 14%) and Pinniger & Cresswell (2007: 12%) . These results are also comparable to findings in isolated whole muscle preparations (Herzog & Leonard, 2002) and single fibers (Lee & Herzog, 2008) . However, they are not nearly as high as those found for isolated myofibrils and single sarcomeres, which show force enhancement in excess of 100% (Joumaa et al., 2008) and are at odds with two recent publications on in vivo experiments. Hahn et al. (2007) reported no force enhancement for voluntary contractions in human knee extensors, but they observed decreased EMG values following muscle stretching suggesting that the same forces were obtained with less activation, a phenomenon also observed by Oskouei & Herzog (2005) , who defined their result also as a manifestation of force enhancement. Similarly, force depression observed here was between 11 and 21%, which is similar to previous results for human adductor pollicis (10-27%; Lee & Herzog, 2003) but greater than results for the knee extensor group (7%; Lee et al., 1999) . In contrast to the results obtained in this study, force depression has been found to increase with decreasing speeds of shortening (De Ruiter et al. 1998; Ettema & Meijer, 2000; Josephson & Stokes, 1999; Maréchal & Plaghki, 1979) . However, Leonard & Herzog (2005) suggested that force depression was directly related to the work performed and the force during shortening, and that the effect of speed was an artifact associated with the force-velocity properties of muscles (Herzog et al., 2000; Josephson & Stokes, 1999) . Nevertheless, the finding that force depression increased with increasing speeds of shortening, as observed here, is unique in the literature and is likely associated with the voluntary nature of the contraction. It needs further investigation, as it contradicts the results obtained for electrically stimulated conditions (e.g., Marechal & Plaghki, 1979) . Differences to results obtained for electrically stimulated contractions might be due to different fiber type activation during voluntary vs. electrically stimulated contractions (Feiereisen et al., 1997) .
Although muscle activity could not be controlled during the voluntary experiments EMG activity of TA and the antagonistic GM was the same for the isometric reference and the isometric phase of the dynamic test contractions. Therefore, it is fair to assume that force enhancement and depression were not caused by changes in muscle activation but were true results of the contractile machinery. However, surface EMG is a rather crude measurement of activation; thus, we cannot rule out the possibility that the subjects produced different torques because of different levels of activation despite similar EMG results for the different conditions.
In the early phase of isometric contractions, fascicles shortened and pennation angles increased in agreement with published results (Fukunaga et al., 1997; Ito et al., 1998 , Reeves & Narici, 2003 . Fascicle lengths of TA were slightly greater and pennation angles were similar to values reported by Reeves and Narici (2003) . In the steady-state phase of isometric contractions, fascicle lengths increased and pennation angles decreased with increasing plantar flexion position ( Table  2 ). The concave angle-torque relation observed in this study (Figure 8 ) was in agreement with the literature (Koh & Herzog, 1995; Amiridis et al., 2005; Simoneau et al., 2007) and reached maximum values at 15° of plantar flexion. Torques at 15° were significantly greater compared with 0° but not compared with 30° of plantar flexion.
During active muscle stretching, fascicle lengths increased and pennation angles decreased in our study (Figure 6 A) in agreement with Chino et al. (2008) and Finni et al. (2003) but in contrast to Kawakami et al. (2002) , who observed isometric fascicle behavior during the eccentric phase of muscle contraction. In contrast to muscle stretching, during muscle shortening fascicle lengths decreased and pennation angles increased (Table  3) in agreement with findings by Finni et al. (2003) . Thus, our findings underline the dynamics of the contractile component of the muscle-tendon unit during maximal concentric and eccentric muscle contractions. Isometric fascicle behavior during eccentric contractions of the muscle-tendon unit observed by Kawakami et al. (2002) Figure 8 -Isometric fascicle length-torque relationship at three ankle angles (M ± SD). *Significant differences (p < .05). might be related to submaximal contractions (40% MVC) during counter-movement actions.
In the steady-state phase following the stretching/ shortening, fascicle lengths and pennation angles were the same compared with those observed during the purely isometric reference contractions. Therefore, at least for our experimental conditions, neither angle of pennation nor fascicle length were history dependent. This is a finding that may prove useful for modeling dynamic muscle actions.
Summarizing, although torques were significantly different for the isometric contractions following stretch and shortening compared with the corresponding values of the isometric reference contractions, differences in pennation angles and fascicle lengths were not observed. Therefore, we conclude that neither fascicle lengths nor pennation angles contribute to force enhancement or force depression in a significant way in the human tibialis anterior. Although this result should not be blindly transferred to other muscles, it appears that changes in fiber lengths and angles of pennation have a small effect, at best, in force enhancement and depression of human voluntary contractions.
